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Abstract
Mutations in the PKD1 gene are responsible for s 85% of autosomal dominant polycystic kidney disease (ADPKD). The
protein product of PKD1, polycystin-1, is a large, modular membrane protein, with putative ligand-binding motifs in the
extracelluar N-terminal portion, 9^11 transmembrane domains and an intracellular C-terminal portion with phosphorylation
sites. A role for polycystin-1 as a cell surface receptor involved in cell^matrix and cell^cell interactions has been proposed. In
this study, we have analyzed polycystin-1 and associated protein distribution in normal human epithelial cells and examined
the role of cell^matrix versus cell^cell interactions in regulation of the assembly of polycystin-1 multiprotein complexes.
Immunocytochemistry, sucrose density gradient sedimentation, co-immunoprecipitation analyses and in vitro binding assays
have shown that polycystin-1 associates with the focal adhesion proteins talin, vinculin, p130Cas, FAK, K-actinin, paxillin
and pp60c-src in subconfluent normal human fetal collecting tubule (HFCT) epithelia when cell^matrix interactions
predominate. Polycystin-1 also forms higher S value complexes with the cell^cell adherens junction proteins E-cadherin, L-
and Q-catenins in confluent cultures when cell^cell interactions are predominant. Polycystin-1 multiprotein complexes can be
disrupted by cytochalasin D but not by colchicine, suggesting involvement of the actin cytoskeleton. Although inhibition of
tyrosine phosphorylation by tyrphostin inhibits polycystin-1^FAK interactions, E-cadherin interactions are enhanced. High
calcium treatment also increases polycystin-1^E-cadherin interactions. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Autosomal dominant polycystic kidney disease
(ADPKD) is a very common, potentially lethal ge-
netic disease inherited in humans with a frequency of
1:500 to 1:1000 [1,2]. ADPKD is characterized by
massive cystic enlargement of renal tubules, a conse-
quence of aberrant proliferation, mispolarization of
ion and £uid transport and growth factor receptor
proteins, and extracellular matrix adhesion abnor-
malities [3,4]. ADPKD is a monogenic disease caused
by mutation in the PKD1 gene in v85% cases or by
mutation in the PKD2 gene in v10% of patients.
Both genes have been identi¢ed and their cDNAs
cloned recently [5^8]. An additional PKD2 homolog
(PKD2L) has also been identi¢ed with 56% amino
acid identity to PKD2 [9,10].
The PKD1 gene encodes a 14.5 kb transcript and a
4303 amino acid (s 460 kDa) translation product.
The predicted PKD1 protein ‘polycystin-1’ is a large
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glycoprotein with multiple (9^11) transmembrane do-
mains and a short C-terminal cytoplasmic tail of
200^226 amino acids. The N-terminal extracellular
region contains two cysteine-£anked, leucine-rich re-
peats and a C-type lectin domain which suggest a
putative role for polycystin-1 in cell^cell and cell^
matrix interactions [6,7]. PKD2 encodes a 5.4 kb
transcript and translates an integral membrane pro-
tein, polycystin-2, of 968 amino acids (110 kDa),
with six transmembrane domains and cytoplasmic
N- and C-termini [8]. Sequence analysis shows
some homology between polycystin-2 and a volt-
age-gated calcium channel and an extracellular do-
main in polycystin-1 with homology to the sea urchin
receptor for egg jelly (REJ) [11] suggests a potential
role for calcium regulation. In addition, domain
analysis of the predicted polycystin-1 protein has
identi¢ed putative intracellular SH2 and SH3 sites
as well as two consensus sequence (RSSR) for
PKA/PKC phosphorylation. Recently, in vitro anal-
ysis has identi¢ed Y4237 and S4252 in the polycys-
tin-1 intracellular C-terminal domain as targets of
phosphorylation by pp60c-src and PKA, respectively
[12]. Taken together with results showing that endog-
enous polycystin-1 can be post-translationally modi-
¢ed by tyrosine phosphorylation [13], this suggests a
potential role for regulation of polycystin function
by phosphorylation.
Previous studies have con¢rmed that polycystin-1
is highly expressed in the basolateral membranes of
ureteric bud in vivo during its branching morpho-
genesis in kidney development. It suggested that pol-
ycystin-1 may play an important role in the develop-
mental regulation of cell adhesion, migration,
proliferation and di¡erentiation [14^18]. In vitro
studies using overexpression systems have suggested
that polycystin-1 can form heterodimers with poly-
cystin-2 [19,20]. In endogenous renal epithelial cells,
polycystin-1 has been shown to co-localize and co-
immunoprecipitate with K2L1-integrin, vinculin, pax-
illin and focal adhesion kinase (pp125FAK) [13]. By
contrast, in a human pancreatic adenocarcinoma
(HPAC) cell line, it was found that polycystin-1 co-
localized with cell adhesion molecules, but not with
focal adhesion kinase [21].
To de¢ne and delineate the interactions between
polycystin-1 and its binding proteins, sucrose density
gradient fractionation and immunoprecipitation
analyses have now been conducted on endogenously
expressing normal fetal kidney collecting tubule
(HFCT) epithelia under varying conditions and pre-
dominance of cell^matrix versus cell^cell interactions
in sparse versus con£uent cultures, respectively. In
addition, potential roles for regulation by the actin
cytoskeleton, calcium and tyrosine phosphorylation
were examined.
The results show that polycystin-1 is capable of
association with several focal adhesion proteins
(pp125FAK, pp60src, p130Cas, and paxillin) and ac-
tin-binding proteins (vinculin, talin and K-actinin), as
well as the cell adherens junction proteins (E-cadher-
in, L-catenin and Q-catenin). The composition of the
multiprotein complexes was dependent on cell den-
sity and duration of cell attachment to type I colla-
gen and was in£uenced by the tyrosine phosphoryla-
tion status as well as calcium content in the media.
Multiprotein complexes showed two distinct peaks of
sedimentation in normal kidney epithelia and were
disrupted by cytochalasin D but not colchicine, sug-
gesting an important role for the actin cytoskeleton
in the formation and function of polycystin-1 multi-
protein complexes induced by cell^matrix and cell^
cell interactions.
2. Materials and methods
2.1. Cell culture
Primary and conditionally immortalized cells of
normal human collecting tubules (HFCT) and
ADPKD cyst epithelia were cultured in serum-free,
cell-type speci¢c supplemented media as described
previously [22^24]. Cells were grown on coverslips
in 24-well plates for immunolabeling, or in 75-cm2
£asks for cell extractions.
2.2. Recombinant fusion proteins
A polycystin-1 fusion protein, HPKD1-CTD, con-
taining the intracellular portion from transmembrane
domain 11 to the COOH terminus (amino acids
4105^4303) was generated. HPKD1-CTD was PCR
ampli¢ed from a 2 kb PKD-1 cDNA clone obtained
by reverse transcription^polymerase chain reaction
(RT^PCR) and subcloned into PET-32 LIC (Nova-
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gen) using a ligase-independent cloning. The fusion
protein was expressed in BL-21(DE3)pLysS compe-
tent cells and puri¢ed by S-tag a⁄nity chromatogra-
phy.
2.3. Subcellular fractionation
0.5% NP-40 and 1% Triton X-100 lysates were
prepared from subcon£uent, adherent (4 h and over-
night) and con£uent monolayers of cell cultures. The
lysate bu¡er contained 10 mM Tris bu¡er (pH 7.5)
and a comprehensive protease inhibitor cocktail
(2 mM PMSF, 10 Wg/ml leupeptin, 10 Wg/ml pepsta-
tin A and 1 Wg/ml aprotonin), 1 mM EGTA, 1 mM
EDTA and 2 mM vanadate. All of the following
steps were performed at 4‡C: postnuclear superna-
tants (PNS) were prepared by centrifugation of total
cell lysates for 10 min at 5000Ug. The 1 mg of PNS
was layered onto a preformed 5^20% continued su-
crose gradient, and centrifuged for 6 h at 100 000Ug
(23 000 rpm, Beckman SW 28 rotor) [25]. Eighteen
fractions of 2 ml each were collected from the top to
the bottom of the gradient and the fractions were
precipitated by trichloroacetic acid (TCA). Pellets
were solubilized in Laemmli sample bu¡er, and the
proteins were separated by sodium dodecyl sulfate^
polyacrylamide gel electrophoresis (SDS^PAGE).
2.4. Immunoblot analysis and immunoprecipitation
TCA precipitated fractions were separated by
SDS^PAGE on midigels, transferred to PVDF mem-
branes (Millipore Corp.), and blotted with the fol-
lowing speci¢c antibodies: anti-PKD1 (1:10 000)
[13], anti-talin (Chemicon, 1:5000), anti-vinculin
(Sigma, 1:5000), anti-pp60c-src and anti-K-catenin
(Upstate, 1:330 and 1:1000, respectively), anti-
p130Cas, anti-pp125FAK, anti-paxillin, anti-E-cad-
herin, anti-L-catenin and Q-catenin (Transduction
Laboratories, 1:1000) and K-actinin (Chemicon,
1:1000).
Immunoprecipitations were carried out on NP40/
Triton X-100 cell extracts containing protease inhib-
itors (described above), using anti-FAK and anti-
pp60c-src antibodies added to precleaned protein
A/G plus agarose beads (Santa Cruz Biotechnology).
After three washes of 5 min each with immunopre-
cipitation bu¡er (cell lysate bu¡er as described
above), the pellet was resuspended in sample bu¡er
and analyzed by SDS^PAGE.
2.5. Matrix adhesion and treatment of cells
Epithelial cells were plated on type 1 collagen-pre-
coated £asks for speci¢ed lengths of time (4 h, 16 h
and overnight), and non-adherent cells removed by
aspiration. All cultures were assessed visually by in-
verted microscopic analysis prior to use. Four-hour
adherent cells were predominantly seen to be single
cells with some 2^8 cell foci. Sixteen-hour adherent
cells were 60^80% con£uent while cells adherent for
24 h or more were fully con£uent. Adherent cells
were lysed in cell lysate bu¡er as described in details
above. High calcium treatment of cells was carried
out by addition of 2 mM CaCl2 to complete supple-
mented serum-free medium for 10 h. Four-hour ad-
herent cells and con£uent epithelial cells were also
treated with 2 WM cytochalasin D (Sigma), or 10
WM colchicine (Sigma), or 100 mM tyrphostin (Life
Technologies) added to complete, supplemented se-
rum-free medium for 3 h at 37‡C.
2.6. Immunolabeling of cells
For immuno£uorescent labeling, cells on cover-
slips were washed and ¢xed in freshly prepared,
cold 4% paraformaldehyde for 30 min, or in meth-
anol/acetic acid (320‡C) for 15 min, washed three
times with phosphate-bu¡ered saline and then incu-
bated with polyclonal anti-polycystin-1 (1:500), visu-
alized by subsequent incubation with anti-rabbit-IgG
coupled to rhodamine or peroxidase. Other cells were
stained with monoclonal anti-vinculin (1:500, Sig-
ma), anti-talin (1:400, Chemicon), anti-K-actinin
(1:100, Chemicon) anti-FAK (1:100, Transduction
Labs) and anti-paxillin (1:100, Transduction Labs),
followed by incubation with anti-mouse-IgG coupled
to FITC or peroxidase. Immunocytochemical color
development was carried out using aminoethylcarba-
zole as substrate (Vector Labs).
2.7. In vitro binding assays
In vitro binding experiments were performed by
direct and indirect methods. For direct binding, 20
Wl HPKD1-CTD fusion protein/resin mixture con-
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taining equal amounts of 10 Wg HPKD1-CTD fusion
protein in each reaction were incubated with 400 Wg
total cell lysates in di¡erent conditions (4 h adhesion,
con£uent and tyrphostin treatment) of HFCT cells
for 2 h at 4‡C. The ¢nal reaction mixture contained
500 Wl of 10 mM Tris (pH 7.5), 1 mM EDTA, 0.2%
Triton X-100, 0.1% NP-40 and protease inhibitors
(reaction bu¡er). The reaction mixture was washed
three times for 15 min each in reaction bu¡er, and
separated on 7.5% SDS^PAGE. Immunodetection
was carried out with anti-polycystin-1 and anti-L-cat-
enin antibodies.
3. Results
3.1. Polycystin-1 associates with adhesion proteins in
multiprotein complexes in normal human renal
epithelial cells
To determine the characteristics of multiprotein
interaction with polycystin-1 we carried out a series
of sedimentation studies. The distribution of polycys-
tin-1 multiprotein complexes in con£uent normal hu-
man fetal collecting tubule cells is shown in (Fig.
1A). Two distinct polycystin multiprotein complex
peaks are seen: one at 17S and a heavier peak at
18.5S. Western immunoblot analysis of the sucrose
density gradient fractions showed that in con£uent,
normal renal epithelial cells, polycystin-1 not only
co-sedimented with the focal adhesion proteins pax-
illin, pp60c-src, p130Cas and pp125FAK, and the
C
Fig. 1. (A) Sedimentation pro¢le of distribution of polycystin-1
multiprotein complexes in con£uent HFCT. Fractions prepared
by 5^20% sucrose density gradient centrifugation at 100 000Ug
for 6 h at 4‡C were collected and immunoblot analysis con-
ducted on each fraction using anti-polycystin and other speci¢c
monoclonal antibodies as indicated. Polycystin-1 distribution
was shown to segregate in two distinct peaks: in the lighter
fractions 1^3 (17S) and in heavier fractions 5^9 at an average S
value (18.5S). Positions of distribution of protein standards
with known S values are indicated. Lower panel shows a con-
trol sedimentation pro¢le of K2-integrin with protein present
only in fraction 4. (B) Co-immunoprecipitation of polycystin-1
with focal adhesion protein FAK in fractions 1^7 collected
from sucrose density gradients of con£uent HFCT cells. Immu-
noprecipitation was carried out with anti-FAK followed by
Western immunoblot analysis with anti-polycystin-1 and anti-
FAK. (C) Co-immunoprecipitation of polycystin-1 with the cell
adherens junction protein L-catenin in fractions 1^7 collected
from sucrose density gradients of con£uent HFCT cells. Immu-
noprecipitation was carried out with anti-L-catenin followed by
Western immunoblot analysis with anti-polycystin-1 and anti-L-
catenin.
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actin-binding proteins vinculin, talin and K-actinin,
but also with the cell^cell adherens junction proteins
E-cadherin, L- and Q-catenins. Identical pro¢les were
obtained from both primary and conditionally im-
mortalized con£uent normal renal epithelia derived
from human fetal collecting tubules (HFCT) from
three di¡erent donors. By contrast, sedimentation
pro¢les of K2-integrin, a subunit not associated
with focal adhesions or cell^cell adherens junctions,
was completely di¡erent with protein restricted to
fraction 4, between the two peaks. Immunoprecipita-
tion of individual fractions con¢rmed and extended
the sucrose density gradient results: Fig. 1B shows
that polycystin-1 co-immunoprecipitates strongly
with fractions in the lighter peak (fractions 2 and
3) as well as with those in the heavier peak (fractions
5 and 6). By contrast, Fig. 1C shows that polycystin-
1 co-immunoprecipitation with L-catenin was most
predominant in the heavier fractions (5 and 6) from
con£uent cells. These results showed that although L-
catenin was present in the lighter fractions as shown
by co-sedimentation (Fig. 1) it could only associate
with polycystin-1 in the heavier fractions as shown
by co-immunoprecipitation. It could be speculated
that conformational changes perhaps associated
with additional linker proteins synthesized or re-
cruited after con£uency might facilitate this associa-
tion. Since this co-sedimentation and co-immunopre-
cipitation patterns of FAK and L-catenin were
consistent with the notion that FAK-containing
cell^matrix focal adhesion junctions are present in
both con£uent and sub-con£uent cultures while L-
catenin-containing cell^cell adherens junctions are
predominant only after cells have reached high con-
£uence densities, we examined the e¡ects of con£u-
ency state on polycystin-1 complexes.
3.2. The composition and size of the multiprotein
complex was dependent on con£uency state and
duration of attachment to extracellular matrix
Adhesion of cells to a matrix in vitro involves the
transient formation of focal adhesion clusters, to
which structural and signal transduction proteins
are recruited, including vinculin, paxillin, and
pp125FAK [26].
To determine whether cell^matrix attachment ver-
sus cell^cell adhesion in£uenced polycystin-1 multi-
protein complex composition, sedimentation pro¢les
of normal HFCT cells were compared in microscopi-
cally evaluated, adherent, washed, subcon£uent cells
after 4 h of attachment to type I collagen (1^8 cell
foci) versus con£uent cultures after 24^48 h of at-
tachment to type I collagen. Fig. 2 shows a typical
pro¢le for subcon£uent (4 h attachment) HFCT
cells. By comparison to con£uent cells (Fig. 1A) it
can be seen that there was a redistribution of protein
complexes to the lighter fractions with lower average
S values and a disappearance of the bimodal pattern.
These results showed that in subcon£uent cultures
after short-term adherence to type I collagen in
which cell^matrix interactions predominated, sedi-
mentation pro¢les with lighter peaks only were
formed and these fractions contained polycystin-1
complexed with FAK. Taken together these results
suggest that polycystin-1 complexes are present in
focal adhesions in subcon£uent cells (Fig. 2) and in
both focal adhesions and cell^cell adherens com-
Fig. 2. Sedimentation pro¢le of distribution of polycystin-1
multiprotein complexes in adherent HFCT after short-term (4 h)
attachment to type I collagen. Fractions prepared by 5^20%
sucrose density gradient centrifugation at 100 000Ug for 6 h at
4‡C were collected and immunoblot analysis conducted on each
fraction using anti-polycystin and other speci¢c monoclonal
antibodies as indicated. The majority of polycystin-1 and
co-sedimentation proteins are seen in the lighter fractions 1^5
with 6 5% proteins peak in the heavier fractions 7^9.
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plexes in con£uent cells (Fig. 1). This was con¢rmed
by immunocytochemistry (Fig. 3) showing that in
single cells, polycystin-1, paxillin and FAK (Fig.
3A,C,E) were localized in the characteristic globular
focal adhesions of fetal collecting tubule epithelia as
shown previously [13], while L-catenin was di¡usely
distributed (Fig. 3G). Once these cells reached con-
£uency, however, only polycystin-1 and L-catenin
were localized to outer cell membranes in a charac-
teristic chicken wire pattern (Fig. 3B and H), while
paxillin and FAK were seen di¡usely in the cyto-
plasm (Fig. 3D and F).
3.3. E¡ects of extracellular calcium
Elevation of extracellular calcium concentrations
Fig. 3. Immunocytochemical localization of polycystin-1 (A,B), paxillin (C,D), FAK (E,F) and L-catenin (G,H) in single HFCT epi-
thelial cells 4 h after attachment (A,C,E,G) and in con£uent monolayers 24 h after attachment (B,D,F,H).
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in cultures of keratinocytes has been shown to in-
crease the assembly of adherens junctions [27,28] fol-
lowed by a reorganization of the cytoskeleton, cellu-
lar polarization, and di¡erentiation. Much less is
known about the control of cell adhesion processes
in kidney epithelial cells. To determine whether kid-
ney epithelial cell adherens junctions also respond to
increased calcium, con£uent HFCT were incubated
in serum-free media containing normal versus high
calcium concentrations for 8^10 h and immunopre-
cipitation analysis carried out using anti-L-catenin
monoclonal antibody (mAb), an essential component
of the cell^cell adherens junction. Fig. 4 shows that
calcium favors the association of E-cadherin with L-
catenin and that polycystin-1 is present in theses
complexes.
3.4. Polycystin-1 multiprotein complexes were
disrupted by cytochalasin D
Cell^matrix interactions mediated via the classical
focal adhesion proteins interact with the actin cyto-
skeleton via binding proteins such as vinculin, K-ac-
tinin and talin [26,29^35]. Cell^cell adherens junc-
tions seen in many epithelia, contain classical
cadherins and are also linked to the actin cytoskele-
ton but via L-, Q- and K-catenins [36^39]. Since our
results suggested that polycystin-1 interacts with
both focal adhesion and cell^cell adherens proteins,
depending on cell^matrix versus cell^cell attachment
status, we sought to determine whether disruption of
the actin cytoskeleton might a¡ect the integrity and
composition of the polycystin-1 multiprotein com-
plexes.
Micro¢laments and microtubules are well estab-
lished to be important for polarized targeting and
function of membrane proteins and can be selectively
disrupted by cytochalasin D, which depolymerizes
actin micro¢laments and by colchicine which dis-
rupts microtubules [40^44]. Fig. 5 shows both the
e¡ects of these reagents on HFCT cell morphology
and on the immuno£uorescent distribution of the
focal adhesion protein vinculin. A most striking ef-
fect of cytochalasin D is seen which resulted in a
signi¢cant change in the nuclear/cytoplasmic ratio
and a change in cell shape from £attened with dis-
tinct focal adhesions to small and retracted (Fig. 5C
vs. A). By contrast, colchicine had little e¡ect on cell
shape or focal adhesions (Fig. 5B).
Vinculin is a major structural component of cell^
Fig. 4. (A) E¡ect of calcium on co-sedimentation pro¢le. (B) E¡ect of calcium on co-immunoprecipitation of polycystin-1 with the
cell adherens junction proteins L-catenin and E-cadherin. Con£uent HFCT were cultured in serum-free media containing normal calci-
um levels (lane 1) or for 10 h in medium supplemented with 2 mM calcium (lane 2). Cells were lysed in Triton X-100/NP-40 and sub-
jected to immunoprecipitation with L-catenin antibody. Immune complexes were analyzed by Western immunoblot using anti-polycys-
tin-1, anti-E-cadherin, and anti-L-catenin antibodies.
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matrix and cell^cell adherens junctions, and has been
found to interact with several other actin binding
proteins, such as talin, K-actinin, paxillin and with
itself to maintain complex formation [28,45]. Vincu-
lin with actin and K-actinin are found in three di¡er-
ent structures: Cell-to-substrate focal contact also
called the attachment plaque; the classical belt-like
zonula adherens; and discontinuous structures re-
sembling desmosomes in morphology. Our results
showed that the attachment plaque and adherens
Fig. 6. (A) Sedimentation pro¢le of distribution of polycystin-1 multiprotein complexes in adherent HFCT after 4 h attachment to
type I collagen and treatment with cytochalasin D for 3 h at 37‡C. Fractions prepared by 5^20% sucrose density gradient centrifuga-
tion at 100 000Ug for 6 h at 4‡C were collected and immunoblot analysis conducted on each fraction using anti-polycystin and other
speci¢c mAb antibodies as indicated. All proteins were located in fraction 1 at the top of the gradient. (B) Loss of co-immunoprecipi-
tation of polycystin-1 with focal adhesion protein FAK after cytochalasin D treatment in 4 h adherent HFCT. Lane 1, vehicle
(DMSO) control; lane 2, cytochalasin D-treated. Equal amounts (800 Wg) of protein from cell lysates were immunoprecipitated with
anti-FAK antibody and immune complexes were analyzed by Western immunoblot using anti-polycystin-1, anti-FAK and anti-paxillin
antibodies.
Fig. 5. Immuno£uorescence microscopy of vinculin in con£uent HFCT before (A) or after treatment with colchicine (B) or cytochala-
sin D (C). Loss of cell attachments containing vinculin and altered shrunken cell morphology is seen after treatment with cytochalasin
D. Scale bar = 10 Wm.
BBADIS 61993 24-11-00 Cyaan Magenta Geel Zwart
L. Geng et al. / Biochimica et Biophysica Acta 1535 (2000) 21^3528
junction structure is clearly present in the normal
human kidney epithelial cells in culture by immuno-
staining.
The in£uence of cytochalasin D is clearly demon-
strated by confocal analysis of double immuno£uo-
rescence labeling. Adhesion of cells to a matrix in
vitro stimulates the formation of focal clusters, to
which structure and signal transduction proteins are
recruited. As might be expected, the sedimentation
pro¢le of polycystin-1 multiprotein complexes was
also disrupted by treatment of cells with cytochalasin
D. Compared with the e¡ects of cytochalasin D on
the sedimentation pro¢le of con£uent HFCT cells
(data not shown) the e¡ects of cytochalasin D were
even more marked in short-term (4 h) adherent
HFCT. Fig. 6A shows that almost all the proteins
were shifted in their distribution to the lightest frac-
tion, no. 1, consistent with the complete disruption
of focal adhesions contacts. This was con¢rmed by
immunoprecipitation analysis of this fraction of
treated subcon£uent cells where it was seen that cy-
tochalasin D treatment resulted in the complete dis-
sociation between FAK and polycystin-1 (Fig. 6B,
lane 2). These results were con¢rmed by immuno-
Fig. 8. Sedimentation pro¢les after treatment with 100 WM tyrphostin for 3 h at 37‡C. (A) After 4 h adhesion to type I collagen.
(B) In con£uent monolayers after 24 h attachment.
Fig. 7. Immunostaining of HFCT epithelia after cytochalasin D treatment as described in legend to Fig. 6. (A) Anti-polycystin-1;
(B) anti-paxillin; (C) anti-vinculin; (D) anti-L-catenin; (E) anti-FAK.
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staining of proteins in cytochalasin-treated cells (Fig.
7) showing disruption of all polycystin-containing
complexes resulting in the di¡use cytoplasmic stain-
ing with antibodies against polycystin-1 (Fig. 7A),
paxillin (Fig. 7B), vinculin (Fig. 7C), L-catenin
(Fig. 7D) and FAK (Fig. 7E).
3.5. Inhibition of tyrosine phosphorylation disrupted
polycystin-1^FAK association but enhanced
polycystin-1^E-cadherin interactions
The deduced amino acid sequence of polycystin-1
identi¢ed four tyrosine residues in the cytoplasmic C-
terminal domain of the protein as potential sites for
phosphorylation at Y4110, Y4118, Y4127 and
Y4237. Since our previous studies have shown phos-
phorylation on tyrosine of the endogenous polycys-
tin-1 in normal renal tubule epithelia [13] and have
identi¢ed Y4237 as a target site for c-src in vitro [12],
we determined the e¡ects of inhibition of tyrosine
phosphorylation on the maintenance of polycystin-1
multiprotein complexes. Both con£uent and subcon-
£uent (4 h adherent) normal HFCT cells treated with
the inhibitor, tyrphostin, showed altered sedimenta-
tion pro¢les by comparison to untreated cells (Fig.
8A,B). Interestingly, immunoprecipitation analysis
showed that tyrphostin treatment resulted in the
complete dissociation between polycystin-1 and
FAK (lane 2, Fig. 9A), while E-cadherin did associ-
ate with polycystin-1 (Fig. 9B). This biphasic re-
sponse of tyrphostin suggests that inhibition of tyro-
sine phosphorylation disrupts polycystin-1 associated
cell^matrix interactions but allows polycystin-1-cell^
cell interactions’.
Fig. 10. Polycystin-1 binding to L-catenin. PET-PKD1 C-termi-
nal cytoplasmic fusion protein (A) or MBP-PKD1 C-terminal
cytoplasmic fusion protein (B) were incubated with HFCT total
cell lysates subjected to various treatments and tested by immu-
noblotting with anti-polycystin-1 rabbit antiserum and anti-L-
catenin monoclonal antibodies. Lane 1, 4 h attachment to type
I collagen; lane 2, con£uent monolayers HFCT; lane 3, high
calcium treatment; lane 4, tyrphostin treatment.
Fig. 9. E¡ect of tyrphostin on polycystin-1 multiprotein com-
plexes. (A) Adherent HFCT after 4 h of attachment to type I
collagen were treated with 100 WM tyrphostin for 3 h at 37‡C
and were lysed in Triton X-100/NP-40, then subjected to immu-
noprecipitation with anti-FAK antibody. Immune complexes
were analyzed by Western immunoblot using anti-polycystin-1,
anti-FAK, and anti-paxillin antibodies. A loss of association
between polycystin-1 and FAK was observed after treatment
with tyrphostin (lane 1) by comparison with the vehicle
(DMSO) control (lane 2). (B) Co-immunoprecipitation of poly-
cystin-1 with cell adherens junction proteins L-catenin after tyr-
phostin-treated HFCT. Con£uent HFCT were treated with ve-
hicle (DMSO, lane 1) or with 100 WM tyrphostin (lane 2) for
3 h at 37‡C. Cells were lysed in Triton X-100/NP-40 and sub-
jected to immunoprecipitation with L-catenin antibody. Immune
complexes were analyzed by Western immunoblot using anti-
polycystin-1, anti-E-cadherin and anti-L-catenin antibodies. In-
creased amounts of E-cadherin were associated with polycystin-
1 after tyrphostin treatment.
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3.6. The polycystin-1 C-terminal domain can bind with
L-catenin
To determine if the polycystin-1 C-terminal do-
main (PKD1-CTD) could bind with L-catenin in vi-
tro, MBP-PKD1-CTD and PET-PKD1-CTD fusion
proteins were incubated with HFCT cell lysates col-
lected under di¡erent conditions (4 h adherent, con-
£uent, calcium and tyrphostin-treated). We found
that L-catenin associated with PKD1-CTD, and
that the strength of binding is stronger in calcium
and tyrphostin treated HFCT cells (Fig. 10). This
result con¢rms our sucrose density gradient and co-
immunoprecipitation studies.
4. Discussion
Cellular interactions with extracellular matrix pro-
teins via focal adhesions [26,46,47] and with adjacent
cells via adherens junction proteins [36^39,48] play
important roles in a variety of biological processes.
Importantly, integrin or other receptor-mediated
cell^matrix or cell^cell interactions can trigger, di-
rectly or indirectly, transduction of biochemical sig-
nals across the plasma membrane to regulate cellular
functions such as proliferation, di¡erentiation, polar-
ization, apoptosis and migration [49]. All of these
processes are important in normal embryonic devel-
opment as well as in pathological disorders including
tumor cell growth, and cyst formation in mice lack-
ing tensin [18,50].
Mutations in the recently identi¢ed PKD1 gene are
responsible for the common autosomal dominant
polycystic kidney disease (ADPKD) and cause cystic
kidney disease in mice [51,52]. ADPKD is character-
ized by massive cystic expansion of renal tubules,
associated with aberrant proliferation, mispolariza-
tion of speci¢c membrane proteins, extracellular ma-
trix and adhesion abnormalities and persistent fetal
gene expression [4,53^55]. Polycystin-1, the PKD1
protein, is a large, modular membrane protein,
highly expressed in the basal membranes of the mi-
grating and branching ureteric bud epithelium of de-
veloping kidneys [15,54]. Amino acid sequence anal-
ysis predicts ligand-binding domains in the
extracellular portion of polycystin-1 and phosphory-
lation signaling sites in the intracellular C-terminal
[56,57]. Together with recent ¢ndings of overlapping
co-immuno£uorescent of polycystin-1 with K2L1-in-
tegrin and the focal adhesion proteins in normal kid-
ney epithelial cells expressing endogenous polycystin-
1, a role for polycystin-1 as a cell surface receptor for
matrix or cell interactions has been proposed [13,21].
In this study we show that polycystin-1 partici-
pates in multiprotein complexes in normal renal fetal
ureteric bud-derived collecting tubule epithelia, trig-
gered by focal adhesion protein assembly after at-
tachment to type I collagen matrix in vitro. We
also studied the role of polycystin-1 in cell^cell inter-
actions in con£uent cultures and after enhancement
by high extracellular calcium. Interestingly, the ma-
jor component of the extracellular matrix in develop-
ing kidneys, through which ureteric bud-derived col-
lecting tubule epithelia must migrate, is type I
collagen [58]. Co-sedimentation and co-immunopre-
cipitation analyses were used to demonstrate that
polycystin-1 formed complexes with focal adhesion
structural and signaling proteins including vinculin,
K-actinin, talin, paxillin, p125FAK, pp60c-src and
p130Cas. These complexes were characterized by
their distribution to lighter fractions of sucrose den-
sity gradients. In sub-con£uent cultures of normal
fetal renal epithelia these polycystin-1-focal adhesion
complex associations predominated, consistent with
high levels of cell^matrix interactions. By contrast, in
con£uent cultures, additional co-distributions and
co-associations were seen between polycystin-1 and
the cell^cell adherens junction proteins, E-cadherin,
L and Q-catenins, which were distributed in the heav-
ier factions of sucrose density gradients, resulting in
a typical bimodal pattern of sedimentation. These
results suggest that the composition of the polycys-
tin-1 multiprotein complex was dependent on cell
density and duration of cell adherence to type I col-
lagen and was in£uenced by phosphorylation status
as well as calcium content in the medium.
Vinculin, a major structural component of cell^
matrix and cell^cell adherens junctions, commonly
located in focal adhesion sites by its a⁄nity for talin
and paxillin [28,45,59], and in adherens junction
structures followed by elevate of concentration
Ca2 in culture medium. Vinculin, talin, paxillin
and K-catenin are all actin-binding proteins. All of
these proteins are important in recruitment of signal
transduction proteins and maintain the complexes.
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We have shown that the attachment plaque and ad-
herens junction structure is clearly present in the
normal human kidney epithelial cells in culture by
immunostaining. Our double-labeling immuno£uo-
rescence studies showed co-localization of PKD1
with vinculin within focal cluster after short periods
of adhesion to type-1 collagen [13]. Our present
study also shows that these structures are disrupted
by cytochalasin D. Combined with our sucrose den-
sity gradient and immunoprecipitation results, this
suggests that polycystin-1 has an actin-cytoskeleton
dependent role in cell^matrix and cell^cell interac-
tions. Immunohistochemical staining patterns of kid-
ney tissues in vivo show some interesting patterns. In
the highly migratory ureteric bud-derived normal fe-
tal collecting tubules polycystin-1 is localized to the
basal membranes while in stationary normal adult
collecting duct epithelia polycystin-1 is localized at
the apical intercellular junctions [14,16,17]. These re-
sults suggest that the role of normal polycystin-1 is
to form a connection between the extracellular ma-
trix and the actin cytoskeleton via the cell membrane
and formation of polycystin-1 multiprotein com-
plexes.
A precedent for this type of mechanism exists in
dystroglycan, which forms such a bridge between
matrix and cytoskeleton and forms complexes with
multiple membrane and submembranous proteins in-
cluding dystrophin, sarcoglycans and Dp140 not
only in skeletal muscle cells but also in kidney
[58,60^62]. If, as this paradigm would suggest, nor-
mal polycystin-1 function requires appropriate multi-
protein complex formations to achieve appropriate
downstream signaling and control of gene transcrip-
tion, regulation of complex formation is likely to be
critical. Since both focal adhesion and cell^cell adhe-
rens junction assembly link the cell membrane with
the actin cytoskeleton [63,64], it was not surprising
that cytochalasin D treatment, which selectively dis-
rupts the actin cytoskeleton, also disrupted polycys-
tin-1 multiprotein complex integrity.
A potential role for calcium as a regulator of poly-
cystin function has been suggested due to homologies
between an extracellular portion of polycystin-1 with
an REJ domain [11] and of polycystin-2 with a volt-
age-gated TRPC calcium channel [8,65]. It has long
been appreciated that calcium is essential for the
maintenance of integrity of polarized epithelial
monolayers, in part because the formation and
stability of epithelial cell adherens junctions is medi-
ated by calcium-dependent homophilic binding of the
extracellular domains of cadherins [37]. Conse-
quently, low extracellular calcium has been shown
to disrupt epithelial monolayer integrity while high
calcium has been shown to increase adherens junc-
tional assembly in some epithelial cell types [28].
Conversely, high extracellular calcium concentrations
induce di¡usion of L1 integrins out of focal adhe-
sions, leading to decreased cell^matrix adhesion
[66]. It was of interest that in normal HFCT cells
expressing endogenously high levels of polycystin,
high extracellular calcium concentrations selectively
increased the levels of E-cadherin associated with
polycystin-1. This would then present a possible
mechanism for di¡erential regulation of cell^matrix
versus cell^cell adhesion via local concentrations of
calcium at the cell membrane.
Protein phosphorylation and dephosphorylation
are involved in the regulation of focal adhesions
and play important roles in numerous signal trans-
duction pathways [31,36,67^69]. The presence of ty-
rosine residues and putative serine phosphorylation
sites in the polycystin-1 C-terminal cytoplasmic re-
gion suggest that polycystin-1 may transduce signals
via phosphorylation of its C-terminal domain. Con-
sistent with this prediction, our previous work has
shown that endogenous polycystin-1 is tyrosine phos-
phorylated after cell attachment to type I collagen
[13] and that Y4237 is a target for phosphorylation
by pp60c-src in vitro [12]. In the present study, inhi-
bition of tyrosine phosphorylation by tyrphostin re-
sulted in disruption of cell^matrix mediated polycys-
tin multiprotein complexes. Conversely, the
polycystin associated with cell^cell adherens junction
proteins was increased by inhibition of tyrosine phos-
phorylation by tyrphostin.
These results present the possibility that tyrosine
phosphorylation of polycystin-1 and/or associated
proteins in the multiprotein complex, such as FAK
or pp60c-src, might di¡erentially regulate cell^matrix
adhesion. This would help provide a mechanism for
appropriate and essential turnover of focal adhesion
assembly required for migration of ureteric bud-de-
rived fetal collecting tubules. High levels of expres-
sion of polycystin-1 in fetal ureteric bud and collect-
ing tubules as well as its distribution to the basal
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membranes in a punctate pattern are consistent with
polycystin-1 playing an important role in cell^matrix
adhesion regulation during embryonic renal morpho-
genesis [54]. Increase of tyrosine phosphorylation of
L- and Q-catenin has been correlated previously with
the decrease of cell adhesion, which occurs after neo-
plastic transformation but with increased cell adhe-
sion in keratinocytes. These studies suggested that
the control of cell adhesion may di¡er among epithe-
lial cells of di¡erent types related to their prolifera-
tive states [36]. The ratio of actin bound to free cad-
herin^catenin complexes, which vary depending on
the type and growth rates of cells, is thought to be
altered by cellular signals, such as those associated
with mitosis, polarization of cells and growth factors
during development [70]. It has been found that epi-
dermal growth factor (EGF) induces tyrosine phos-
phorylation of L- and Q-catenin, which correlated
with the release of the E-cadherin catenin complexes
from the cytoskeleton. Thus, phosphorylation of cat-
enins might induce loosening of the adherens junc-
tions in the processes of cell mitosis and division in
response to growth factors [67^69,71].
Taken together, these studies show that endoge-
nous polycystin-1 in normal renal fetal epithelial cells
functions in a multiprotein complex with focal adhe-
sion and/or adherens junction proteins, and that
these interactions are di¡erentially regulated by tyro-
sine phosphorylation and require an intact actin cy-
toskeleton. We propose that, in vivo during develop-
ment, polycystin-1 multiprotein complexes are
involved in the regulation and coordination of focal
adhesion assembly and disassembly necessary for ap-
propriate fetal ureteric bud migration through a type
I collagen-containing matrix, resulting in the appro-
priate cell signaling and control of gene transcription
necessary for normal renal tubule epithelial di¡eren-
tiation.
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